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SECTION  I 


INTRODUCTION 

The  production  and  use  of  artificial  atmospheres  has  greatly 
increased  the  need  for  research  on  the  metabolism  and  toxicology 
of  gaseous  materials.  Favorable  tissue  concentrations  of  molecu¬ 
lar  oxygen  are  critically  balanced  between  deficiency  and  toxi¬ 
city;  metabolic  reactions  requiring  oxygen  must  proceed  but  non- 
physiologic  oxidations  of  sensitive  chemical  moieties  must  be 
avoided  (Haugaard,  1968).  The  experimental  research  on  effects 
on  cellular  bioenergetics  of  exposure  to  pure  oxygen  discussed 
in  this  report  consists  of  two  parts:  (1)  exposures  at  748  mm 
Hg  pressure  for  4,  7,  or  12  days,  using  monkeys  (Macaca  mulatta), 
and  (2)  exposures  at  257  mm  Hg  pressure  for  1,  4,  7,  or  14  days, 
using  rats.  In  addition,  recovery  experiments  were  conducted 
in  the  257  mm  Hg  exposure  study  in  which  14-day  exposed  animals 
were  returned  to  ambient  air  1  and  48  hours  prior  to  sacrifice. 

Animal  exposures  were  carried  out  in  Thomas  domes  (Thomas,  1965). 
Using  tissues  obtained  from  exposed  and  ambient  control  monkeys, 
liver  and  kidney  tissue  ATP  levels  were  determined  and  liver  and 
kidney  mitochondria  were  prepared.  The  oxidative  and  phosphoryla- 
tive  properties  of  the  mitochondrial  preparations  were  studied 
by  both  Warburg  and  oxygen-electrode  techniques  using  a-ketoglutarate 
and  succinate  substrates.  In  the  experiments  involving  rats, 
liver  tissues  from  exposed  and  ambient  controls  were  used  to 
determine  ATP  levels  and  to  prepare  isolated  mitochondria  which 
were  then  studied  using  the  oxygen  electrode  with  a-ketoglutarate 
and  succinate  substrates.  Data  obtained  indicate  effects  of 
oxygen  on  liver  and  kidney  metabolism  at  one  atmosphere  and, 
also,  upon  rat  liver  metabolism  at  one-third  atmosphere. 

SECTION  II 

METHODS  AND  MATERIALS 
MONKEYS  AT  748  MM  HG  PRESSURE 

The  operation  of  the  Thomas  domes  has  been  previously  de¬ 
scribed.  According  to  the  information  provided  by  the  Aerospace 
Medical  Research  Laboratories,  the  average  dome  operating  condi¬ 
tions  were  as  follows: 

Pressure:  748  mm  Hg  (Range,  700  to  750  mm  Hg) 

Temperature:  77.6  F  (Range,  74  to  81  F) 

Humidity:  59%  RH  (Range,  42  to  69 %  RH) 

Carbon  Dioxide  Content:  0.0957o  (Range,  0.00  to  0.44%)  - 

Air  Flowrate:  20  ft3/min  (Range,  18  to  35  ftJ/min) 

Exposed  and  ambient  control  monkeys  (Macaca  mulatta)  2%  -  3% 
years  old  were  fed  Purina  Monkey  Chow  once  a  day  and  water  ad  libitum. 
Ambient  control  monkeys  were  maintained  in  the  vivarium.  Since 
the  biochemical  investigations  were  carried  out  on  surviving 
animals.  Table  I  is  provided  to  indicate  the  survival  ratios  in 
the  100%  oxygen  atmosphere. 


1 


Table  I 


SURVIVAL  RATIOS  FOR  MONKEYS 
AFTER  VARIOUS  LENGTH  EXPOSURES  TQ  100%  OXYGEN 
AT  748  MM  HG  PRESSURE* 

(Data  provided  by 

Aerospace  Medical  Research  Laboratories) 


Exposure  time, 
days 

Survival 

Ratio 

No. 

** 

Exposures 

Percent 

Surviving 

Exposure 

4 

31/32 

97 

7 

17/24 

71 

12 

5/17 

29 

Numbers  include  all  monkeys  exposed 
during  the  experimental  period,  whether 
or  not  used  by  IITRI  personnel. 

“'Numbers  of  animals,  including  sacrificed, 
surviving  N  days  divided  by  number  of 
animals  dying  of  exposure  on  or  before 
the  Nth  day  plus  number  of  animals, 
including  sacrificed,  surviving  N  days. 


Each  experiment  was  run  on  a  separate  day  and  included 
tissue  from  only  one  animal.  The  experiments  usually  commenced 
at  about  the  same  time  each  day.  Animals  were  intravenously 
anesthetized  "to  effect"  by  i.v.  injection  of  approximately  30  mg 
of  Nembutal'-*^  per  kg  body  weight.  Arterial  blood  samples  were 
taken  and  then  kidney  and  liver  tissues  were  obtained.  Exposed 
animals  remained  in  the  dome  during  these  operations.  A  descrip¬ 
tion  of  the  animals  used  is  given  in  Table  II. 
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Table  II 


MONKEYS  USED  IN  THE  STUDY  OF  THE  EFFECT  OF  VARIOUS  LENGTH  EXPOSURES 
TO  100%  OXYGEN  AT  748  MM  HG  PRESSURE  ON  OXIDATIVE  PHOSPHORYLATION 

IN  LIVER  AND  KIDNEY  TISSUES 


(Data  provided  by  Aerospace  Medical  Research  Laboratories) 


Number 

Sex 

Weight, 
k§ _ 

Ambient  Controls 

D-85 

F 

3.64 

D-91 

F 

4.1 

D-95 

F 

4.1 

D-96 

M 

- 

D-97 

F 

3.7 

E-39 

F 

- 

4-Day  Exposures 

D-63 

F 

3.64 

D-98 

M 

3.6 

E-27 

F 

2.9 

7 -Day  Exposures 

D-07 

F 

4.5 

E-31 

F 

3.41 

E-35 

F 

3.6 

E-37 

F 

4.15 

12 -Day  Exposures 

D-77 

F 

4.55 

E-04 

M 

4.0 

Liver  and  kidney  tissues  used  for  determination  of  ATP 
content  were  frozen  in  situ  using  quick-freezing  tongs  (Riesen, 
1967).  The  frozen  tissue  samples  were  then  immersed  in  liquid 
nitrogen  contained  in  a  Dewar  Flask  for  transport  from  the  dome 
area  to  the  laboratory  where  they  were  kept  on  dry  ice  in  the 
deep  freeze  prior  to  analysis  by  the  procedure  used  previously. 
Approximately  4.5  g  of  tissue  to  be  used  for  the  isolation  of 
mitochondria  was  quickly  excised,  dropped  into  ice-cold  0.25  M 
sucrose,  and  minced.  Samples  were  kept  ice-cold  and  transported 
back  to  the  laboratory  in  an  ice  bucket. 

Mitochondria  were  prepared  essentially  by  the  method  of 
Weinbach  (1961)  incorporating  some  modifications  of  Nelson  et  al. 
(1967).  Approximately  4.5  g  of  chilled,  diced  tissue  was  homo¬ 
genized  for  30  sec  in  ice-cold  0.25  M  sucrose  (30%  w/v)  by  means 
of  an  Ace  tissue  grinder  having  a  glass-reinforced  Teflon  pestle 
(0.006  -  0.009  inch  clearance).  The  homogenate  was  then  diluted 
to  a  10%  w/v  suspension  with  0.25  M  sucrose  and  centrifuged  at 
600  x  g  for  10  min  in  an  International  High-Speed  Refrigerated 
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Centrifuge  at  approximately  0  C.  The  resulting  supernatant  was 
decanted  and  centrifuged  at  8,500  x  g  for  10  min.  The  pellet 
washing  step  was  repeated,  and  the  twice-washed  pellet  was 
finally  suspended  in  0.25  M  sucrose  (  1  ml/g  original  tissue  wet 
weight).  The  time  lapse  from  incision  to  remove  tissue  at  the 
dome  to  the  start  of  incubations  of  isolated  mitochondria  was 
approximately  90  min.  Liver  and  kidney  mitochondria  were  pre¬ 
pared  at  the  same  time  and  incubations  of  mitochondria  were 
carried  out  by  both  Warburg  respirometer  and  Clark  oxygen- 
electrode  techniques  immediately  following  isolation. 

The  Warburg  method  used  has  been  described  in  detail  pre¬ 
viously  (Riesen,  1966).  A  Gilson  Medical  Electronics  (GME) 
Oxygraph  and  a  Clark  Oxygen  electrode,  Yellow  Springs  Instrument 
Co.,  Inc.  (YSI)  were  used  in  the  oxygen-electrode  method.  A 
Haake  Constant  Temperature  Circulating  Pump  was  used  to  maintain 
close  control  of  the  incubation  cell  temperature  of  25  C. 
Glycylglycine  (Calbiochem  A.  grade)  buffer  (1.3  ml),  pH  7.4, 
was  added  to  the  cell  followed  in  order  by  0.1  ml  additions  of 
mitochondrial  suspension,  phosphate  and  substrate.  Substrates 
used  were  a-ketoglutarate  (Sigma  Chemical  Co.)  or  succinate 
(Sigma  Chemical  Co.).  The  composition  of  the  incubation  medium 
was  120  u,moles  KCl,  20  u,moles  glycylglycine,  8  nmoles  MgCl2, 

5  u-rooles  orthophosphate,  and  10  u,mole  substrate/ml. 

Mitochondria  incubated  in  the  above  system  in  the  presence 
of  excess  substrate,  orthophosphate  and  oxygen  are  defined  to  be 
in  state  4  (Chance,  1956).  After  a  short  time  in  this  state, 

6  |jl  of  ADP  (Sigma  Chemical  Co.,  sodium  salt  adjusted  to  pH  7.4 
with  potassium  hydroxide)  was  added  by  means  of  Hamilton  syringe 
(0.16  i^moles/ml  incubation  medium).  Mitochondria  incubated 
under  these  conditions,  i.e.  in  the  presence  of  excess  phosphate 
acceptor,  ADP,  are  defined  to  be  in  state  3.  Uptake  of  dissolved 
oxygen  from  the  medium  by  mitochondria  in  states  4  and  3  was 
recorded  on  the  GME  Oxygraph  chart.  If  oxidation  of  substrate 

by  the  mitochondria  is  tightly  coupled  to  phosphorylation  of 
ADP,  the  rate  of  substrate  oxidation  in  State  3  will  be  appreci¬ 
ably  greater  than  that  in  state  4.  The  ratio  of  the  rate  in 
state  3  to  that  in  state  4  is  defined  as  the  Respiratory  Control 
(RC)  of  the  mitochondria.  The  RC  of  damaged  mitochondria  decreases 
and  becomes  1.0  when  there  is  no  stimulation  of  oxidation  in  the 
presence  of  excess  phosphate  acceptor. 

Once  the  added  ADP  has  all  been  phosphorylated,  the  rate 
of  oxygen-uptake  by  the  mitochondria  should  return  to  nearly 
the  same  state  4  rate  originally  observed.  A  change  from 
state  4  to  state  3  incubation  conditions  by  addition  of  ADP 
represents  one  cycle.  These  cycles  are  repeatable  by  additions 
of  more  ADP.  Oxygen  uptake  rates  obtained  in  state  4  and  3 
on  the  second  and  third  cycles  were  used.  RC  values  were  cal¬ 
culated  from  the  ratio  of  the  rate  of  oxygen  uptake  in  state  3 
to  the  rate  of  the  immediately  preceeding  state  4.  The  oxygen 
content  of  the  medium  was  calculated  by  comparing  Oxygraph  chart 


4 


readings  with  the  oxygen  electrode  in  medium  to  readings  with 
the  electrode  in  0.1  N  NaCl  solution  of  known  oxygen  content,  at 
the  given  atmospheric  pressure.  The  concentration  of  the  ADP  g 
solution  was  determined  spectrophotometrically  (a^  =  15.4  x  10J 
at  259  mu,  pH  7.0).  The  ADP/0  ratio  was  determined  by  dividing 
the  amount  of  added  ADP  by  the  total  oxygen  consumed  during  the 
resulting  state  3  oxidation  period.  After  incubation  of  one 
aliquot  of  mitochondrial  suspension  through  several  cycles,  the 
cell  was  cleaned  and  another  incubation  started. 

The  order  in  which  incubations  were  carried  out  was  (1) 
liver  mitochondria  using  succinate  substrate,  (2)  liver  mito¬ 
chondria  using  a-ketoglutarate,  (3)  kidney  using  succinate,  and 
(4)  kidney  using  a-ketoglutarate.  Another  set  of  duplicate 
incubations  was  carried  out  in  the  same  order.  Values  pre¬ 
sented  in  the  tables  represent  the  averages  of  the  duplicate 
results  obtained  during  the  second  and  third  cycles. 

Aliquots  of  the  original  mitochondrial  suspensions  were  used 
for  determination  of  protein  concentration  by  the  biuret  method. 
Nitrogen  (mg/ml)  was  calculated  from  the  protein  analysis  using 
the  factor  0.16. 

RATS  AT  257  MM  HG  PRESSURE 

Exposures  were  carried  out  in  the  Thomas  dome.  According 
to  the  information  provided  by  the  Aerospace  Medical  Research 
Laboratories,  the  average  dome  operating  conditions  were  as 
follows : 

Pressure:  257  mm  Hg  (Range,  252  to  260  mm  Hg) 

Temperature:  77.5  F  (Range,  71  to  86  F) 

Humidity:  52.57o  RH  (Range,  15  to  74%  RH) 

Carbon  Dioxide  Content:  0.05%  (Range,  0.00  to  0.42%,) 

Air  Flow  Rate:  20  ft^/min  (Range,  no  change) 

Exposed  and  ambient  control  male  Sprague  Dawley  rats  were  fed 
Purina(R'  Laboratory  Chow  and  water  ad  libitum.  The  weights  of 
the  animals  are  shown  in  Table  III. 

To  minimize  effects  of  slight  daily  variations  which  may 
occur  in  the  preparative  procedures  and  analyses,  an  ambient 
control  animal  and  an  exposed  animal  were  carried  through  the 
procedures  and  analyses  concurrently.  Exposed  rats  were 
anesthetized  "to  effect"  by  i.p.  injection  of  6.5  mg/100  g  of 
Nembutal. (R)  At  the  same  time,  ambient  control  animals  were 
anesthetized  outside  the  dome  in  ambient  air.  Liver  tissue 
samples  from  both  exposed  and  ambient  control  rats  were  obtained 
for  ATP  analysis  and  for  isolation  of  mitochondria  by  the  pro¬ 
cedures  used  for  monkeys. 


5 


Table  III 


WEIGHTS  OF  RATS  USED  IN  EXPOSURES  TO  100%  OXYGEN 
AT  257  MM  HG  PRESSURE 

(Data  Provided  by  Aerospace  Medical  Research  Laboratories) 


Wel8htfrafred  Ambient 


Animal  No. 

1-Day  Exposures 

1 

2 

3 

4 

5 

6 

7  to  11* 


4-Day  Exposures 

1 

2 

3 

4 

5 

6 

7  to  12 


* 


7 -Day  Exposures 

1 

2 

3 

4 

5 

6 

7 

8  to  13 


Exposed  Animal 

Control 

153 

150 

175 

172 

218 

228 

241 

295 

251 

280 

182 

195 

180 

158 

181 

182 

198 

156 

201 

187 

224 

190 

196 

202 

174 

168 

266 

292 

256 

303 

245 

245 

206 

177 

222 

275 

256 

245 

242 

244 

237 

246 

256 

250 

233 

264 

210 

160 

176 

178 

318 

320 

330 

320 

133 

355 

206 

248 

262 

296 

305 

270 

304 

268 

274 

275 

310 

206 

302 

184 

256 

244 
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Table  III  (continued) 


Weight,  g 

Paired  Ambient 


Animal  No. 

Exposed  Animal 

Control 

14-Day  Exposures 

1 

261 

230 

2 

335 

322 

3 

284 

272 

4 

257 

160 

5  * 

6  to  10 

271 

268 

210 

198 

214 

238 

215 

252 

225 

246 

248 

252 

14  Days  plus 

1  hr  recovery 

1 

267 

273 

2 

240 

220 

3 

250 

265 

4 

262 

225 

5 

300 

334 

6 

355 

360 

14  Days  plus 

48  hr  recovery 

1 

292 

302 

2 

198 

265 

3 

212 

270 

4 

358 

348 

5 

298 

361 

Weights  given  for  the  animals  used,  but  animals 
not  paired  in  order  that  weights  are  listed. 
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Table  IV 


TERMINAL  ARTERIAL  BLOOD  Po  AND  Pco  VALUES  OF  MONKEYS 

a  a 


EXPOSED  TO  100% 
(Data  provided  by  Aerospace 

OXYGEN  AT 

Medical 

748  MM  HG 

Research  Laboratories) 

Monkey 

No. 

Arterial  Blood  Values,  mm  Hg 

Po 

a 

Pco 

_ 3 _ 

Ambient  Controls 

D-85 

85 

29.5 

D-91 

90.5 

25.5 

D-95 

92 

22.5 

D-96 

- 

- 

D-97 

98 

29.4 

E-39 

- 

- 

4 -Day  Exposures 

D-63 

355 

35 

D-98 

- 

- 

E-27 

535 

39.5 

7 -Day  Exposures 

D-07 

103 

70.5 

E-31 

302 

38 

E-35 

138 

30 

E-37 

50 

43.5 

12 -Day  Exposures 

D-77 

355 

33.5 

E-04 

48 

40.5 

* 

Animal  died  30  minutes  after  blood  sample  was  drawn  under 
Nembutal'^'  anesthesia. 
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Mitochondria  were  prepared  concurrently  from  the  exposed 
and  ambient  control  rat  livers,  essentially  as  described  for 
the  experiments  involving  monkeys  except  that  the  1.2  g  of 
tissue  was  homogenized  directly  in  a  107>  w/v  suspension  of  0.25  M 
sucrose  prior  to  the  initial  centrifugation.  In  order  to  avoid 
bias  resulting  from  consistent  time  differences  between  isolation 
of  mitochondria  and  incubation  in  the  GME  Oxygraph  cell,  mito¬ 
chondria  from  exposed  and  ambient  controls  were  generally  in¬ 
cubated  in  opposite  order  on  successive  days.  Values  presented 
in  the  tables  represent  the  averages  of  duplicate  determinations 
during  the  second  and  third  cycles.  Aliquots  of  the  original 
mitochondrial  suspensions  were  used  to  determine  mitochondrial 
nitrogen  concentration  per  ml  suspension  using  the  biuret  method 
for  protein  and  a  conversion  factor  of  0.16. 

SECTION  III 

DISCUSSION 

EXPERIMENTS  USING  MONKEYS  AT  748  MM  HG  PRESSURE 

The  terminal  arterial  blood  and  levels  of  the 

monkeys  used  in  this  study  are  shown  in  Table  IV. 

The  arterial  levels  of  the  monkeys  used  in  this  study 

were  probably  all  elevated  at  four  days;  thereafter,  considerable 
individual  variations  are  seen.  These  variations  are  reflections 
of  the  different  responses  in  the  lungs  to  the  high  oxygen 
insult.  These  responses  include  alveolar  edema,  which  may 
typically  reach  a  maximum  at  about  4  to  7  days  and  then  resolve, 
and  proliferation  of  inters titium  and  alveolar  epithelium  which 
may  occur  on  about  the  5th  day  and  advance  with  duration  of 
exposure  (Robinson,  1967).  Efficiency  of  oxygen  diffusion 
through  the  alveoli  depends  on  the  degree  of  congestion  and 
proliferation  that  has  occurred.  Hence,  the  Po  carried  to  the 
livers  and  kidneys  of  these  surviving  animals  by  the  blood  was 
apparently  very  high  for  at  least  the  first  4  days,  after  which 
time  the  levels  in  some  animals  may  have  remained  elevated 

while  in  others  they  decreased  to  normal  and  subnormal  levels. 

The  length  of  time  that  liver  and  kidney  mitochondria  were 
exposed  to  certain  oxygen  tensions  is  therefore  not  simply 
related  to  the  duration  of  animal  exposure. 

Striking  changes  in  hepatic  mitochondria  have  been  noted 
in  rats  exposed  to  oxygen  at  760  mm  Hg  for  1  day,  to  258  mm  Hg 
for  1  to  14  days,  and  to  2280  mm  Hg  for  3  hr  (Schaffner,  1965). 
Disappearance  of  cristae  from  renal  mitochondria  of  dogs  and 
monkeys  exposed  to  258  mm  Hg  for  14  and  90  days  has  been  observed 
(Mautner,  1966),  Morphological  changes  in  renal  and  hepatic 
mitochondria  suggest  that  the  essential  energy -producing  systems 
contained  in  these  organelles  may  also  be  affected.  Initial 
studies  on. the  oxidative  properties  of  monkey  renal  and  hepatic 
mitochondria  following  animal  exposures  to  100%  oxygen  at  ambient 
pressure  for  6  hr  and  2,  4,  7  and  12  days  have  been  reported 
(Riesen,  1967). 
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E-39  and  D-96  were  the  first  animals  studied  and  the  experi¬ 
mental  procedures  may  have  proceeded  somewhat  slower  with  these 
animals.  The  results  from  the  data  have  been  summarized  and 
tabulated  in  Tables  V  through  XII.  Certain  trends  appear  in 
these  results,  although  there  were  not  sufficient  animals 
included  in  the  experiment  to  permit  valid  statistical  deter¬ 
minations  of  significance.  Samples  of  tissue  were  taken  from 
these  animals  and  histological  studies  were  performed,  The 
results  of  these  studies  will  be  reported  separately,^  and  they 
should  greatly  facilitate  the  interpretation  of  the  data  re¬ 
ported  here.  For  convenience,  a  summary  of  some  of  the  pathology 
results  is  presented. 

The  ambient  control  animals:  monkey  D-91,  D-95  and  D-96 
were  in  good  condition.  The  lungs  of  monkey  D-85  were  not 
entirely  normal  and  there  were  scattered  alveolar  exudates;  the 
kidneys  of  this  animal  showed  mild  but  diffuse  foamy,  granular 
eosinophilic  material  in  the  tubules.  Monkey  D-97  had  a  border¬ 
line  exudate  in  the  lungs.  No  information  on  monkey  E-39  is 
available.  For  the  exposed  animals:  the  4-day  exposed  monkeys 
all  exhibited  mild  congestion  of  the  lungs.  There  was  moderate 
peribronchiolar  inflammation  and  mild  focal  alveolar  edema.  The 
lungs  of  the  7-day  exposed  animals  showed  marked  septal  thickening 
consisting  of  fibrinoblasts,  collagen  and  fibrin.  There  was  a 
marked  degree  of  alveolar  edema  and  exudate  with  consolidated 
f ibrinocellular  material.  The  two  12-day  exposed  monkeys  ex¬ 
hibited  markedly  different  degrees  of  lung  involvement.  Monkey 
D-77  had  only  minor  edema  and  exudate  with  moderate  thickening 
of  septa.  There  was  no  diffusion  problem  with  this  animal. 

Monkey  E-04  showed  extreme  diffuse  organized  alveolar  exudate 
and  extreme  septal  thickening  (fibrinocellular) .  There  was 
marked  diffuse  emphysema.  This  animal  had  a  major  diffusion 
problem.  The  kidneys  of  all  exposed  animals  showed  pathological 
changes,  especially  the  4-  and  7-day  exposed  animals. 

Table  V  shows  the  tissue  ATP  concentrations.  In  general, 
the  ATP  levels  appeared  to  decrease  as  the  duration  of  exposure 
was  prolonged.  The  decline  was  not  as  large  nor  as  uniform  in 
the  liver  as  in  the  kidney.  However,  one  control  monkey  showed 
the  lowest  kidney  tissue  ATP  concentration  of  any  of  the  animals 
(D-85,  note  pathology  description  in  preceeding  paragraph).  A 
vigorous  animal,  E-04,  maintained  a  normal  liver  ATP  level  after 
12  days  exposure,  but  the  kidney  ATP  level  of  this  monkey  was 
also  low. 


George,  Marilyn  E.  et  al.,  1968.  Toxic  Effects  in  Monkeys 
Exposed  to  100%  Oxygen  at  Ambient  Pressure.  AMRL-TR-68-178, 
Aerospace  Medical  Research  Laboratories,  Wright-Patterson  Air 
Force  Base,  Ohio  (In  preparation). 
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Table  V 

TISSUE  ATP  CONCENTRATIONS  OF  LIVERS  AND  KIDNEYS  FROM  MONKEYS 
EXPOSED  TO  100%  OXYGEN  AT  748  MM  HG 


Monkey 

ATP, 

u.moles/g 

No. 

Liver 

Kidney 

Ambient  Controls 

D-85 

2.6 

0.7 

D-91 

1.5 

1.7 

D-95 

3.8 

2.7 

D-97 

3.6 

2.4 

E-39 

3.1 

2.9 

Avg.  +  S.D. 

2.9 

+ 

0.9 

2.1 

+  0.9 

4-Day  Exposures 

D-63 

3.6 

1.9 

D-98 

2.1 

0.9 

E-27 

2.4 

1.1 

Avg.  +  S.D. 

2.7 

+ 

0.8 

1.3 

+  0.5 

7 -Day  Exposures 

E-31 

3.6 

1.6 

E-35 

2.7 

1.5 

E-37 

2.3 

1.1 

Avg.  +  S.D. 

2.9 

+ 

0.7 

1.4 

±  0.3 

12 -Day  Exposures 

D-77 

1.7 

1.1 

E-04 

2.9 

0.9 

Avg.  +  S.D. 

2.3 

+ 

00 

• 

o 

1.0 

+  0.1 
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The  Q(0/N)  values  obtained  with  liver  and  kidney  mitochondria 
using  succinate  and  a-ketoglutarate  substrates  by  the  Warburg 
technique  are  shown  in  Table  VI.  The  P/0  ratios  obtained  using 
this  method  are  shown  in  Table  VII.  A  tendency  toward  lowered 
P/0  values  is  evident  with  kidney  mitochondria  from  exposed 
animals  using  both  succinate  and  a-ketoglutarate.  Inorganic 
phosphate  esterified  per  mg  nitrogen  is  shown  in  Table  VIII. 

P/N  values  correlate  with  the  product  of  the  Q(0/N)  and  P/0 
values  (although  the  determination  of  P/N  values  does  not 
involve  respirometric  measurements)  and  may  be  considered  as 
net  production  of  ATP  per  mg  mitochondrial  nitrogen.  This 
value,  then,  gives  some  idea  of  the  activity  of  the  mitochondria 
and  of  the  resultant  levels  of  tissue  ATP  to  be  expected  if  the 
numbers  of  mitochondria  in  the  tissue  are  not  decreased  or 
ATP  utilizing  reactions  are  not  proportionately  elevated. 

Again,  in  general  there  appears  to  be  a  decrease  in  this  para¬ 
meter  in  the  exposed  animals. 

Table  IX  shows  the  Q(0/N)  values  obtained  in  state  4  using 
the  GME  Oxygraph.  Here  the  trend  appears  to  be  an  elevation 
of  rate  with  mitochondria  from  animals  exposed  to  100%  oxygen 
at  ambient  pressure.  A  partial  uncoupling  of  mitochondrial 
oxidative  phosphorylation  with  resulting  elevated  ATP-ase 
activity  would  produce  such  a  result.  Some  ADP  would  be  con¬ 
tinually  regenerated  by  the  ATP-ase  reaction  from  added  or 
endogenous  ATP  with  resultant  stimulation  of  oxidation. 

Table  X  shows  the  Q(0/N)  in  state  3,  i.e.,  mitochondrial 
respiration  in  the  presence  of  excess  ADP.  There  is  no  trend 
evident  here  of  impaired  mitochondrial  function. 

ADP/0  ratios  are  shown  in  Table  XI.  In  contrast  to  the 
P/0  values  observed  using  the  Warburg  respirometer,  the  ADP/0 
ratios  obtained  with  mitochondria  from  animals  exposed  to  1007, 
oxygen  appear  little  changed.  Although  P/O  values  and  ADP/O 
values  are  the  analogous  measurements  in  Warburg  respirometer 
and  GME  oxygraph,  they  are  not  exactly  comparable.  The  Warburg 
measurements  were  conducted  at  30  C  and  those  in  the  GME 
Oxygraph  were  conducted  at  25  C  --  preliminary  experiments 
conducted  at  30  C  are  not  included  in  the  results  --  in  addition, 
there  was  no  ATP  trapping  system  in  the  Oxygraph  cell,  i.e. 
glucose  and  hexokinase.  Furthermore,  incubation  times  were 
different:  Warburg  incubations  involve  12  min  preincubation  and 
10  min  incubation  of  the  mitochondria,  while  the  length  of  one 
cycle  in  the  Oxygraph  incubations  averaged  5  min  for  liver 
mitochondria  using  succinate  substrate,  8  min  for  liver  mito¬ 
chondria  using  a-ketoglutarate,  4  min  for  kidney  mitochondria 
using  succinate,  and  5  min  for  kidney  mitochondria  using  a- 
ketoglutarate .  Two  cycles  were  run  in  succession,  however, 
and  the  ADP/0  values  obtained  in  the  successive  cycles  agreed 
quite  well. 
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Table  VI 

Q(0/N)  VALUES  OF  LIVER  AND  KIDNEY  MITOCHONDRIA  FROM  MONKEYS 
EXPOSED  TO  100%  OXYGEN  AT  748  MM  HG 
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Obtained  at  30  C  using  the  Warburg  Respirometer  with  a-Ketoglutarate  or  Succinate 
Substrates . 


P/0  RATIOS  OF  LIVER  AND  KIDNEY  MITOCHONDRIA  FROM  MONKEYS 
EXPOSED  TO  100%  OXYGEN  AT  748  MM  HG 
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INORGANIC  PHOSPHATE  ESTERIFIED  PER  MG  MITOCHONDRIAL  PROTEIN  NITROGEN 
(AT  30  C  USING  a -KETOGLUTARATE  OR  SUCCINATE  SUBSTRATES) 

BY  LIVER  AND  KIDNEY  MITOCHONDRIA  FROM  MONKEYS  EXPOSED  TO  100%  OXYGEN  AT  748  MM  HG 
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Low  respiration  and  consequent  inaccurate  P/N  value. 


Table  IX 

0(0 /N)  IN  STATE  4  OF  LIVER  AND  KIDNEY  MITOCHONDRIA  FROM  MONKEYS 
EXPOSED  TO  100%  OXYGEN  AT  748  MM  HG 
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Obtained  at  25  C  using  a  Clark  Oxygen  Electrode  with  a~Ketoglutarate  or  Succinate 
Substrates. 


Table  X 

Q(0/N)  IN  STATE  3  OF  LIVER  AND  KIDNEY  MITOCHONDRIA  FROM  MONKEYS 
EXPOSED  TO  100%  OXYGEN  AT  748  MM  HG 
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Obtained  at  25  C  using  a  Clark  Oxygen  Electrode  with  a-Ketoglutarate 
Succinate  Substrates. 


ADP/O  RATIOS  (OBTAINED  AT  25  C  USING  THE  CLARK  OXYGEN  ELECTRODE 
WITH  a-KETOGLUTARATE  OR  SUCCINATE  SUBSTRATES)  OF  LIVER  AND  KIDNEY  MITOCHONDRIA 
FROM  MONKEYS  EXPOSED  TO  100%  OXYGEN  AT  748  MM  HG 
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RC  values  of  liver  and  kidney  mitochondria  are  shown  in 
Table  XII.  These  values  are  the  average  of  the  second  and  third 
cycles  of  duplicate  incubations.  In  some  cases,  fewer  cycles 
were  obtained  and  the  averages  include  less  than  four  repeated 
cycles.  Also,  when  the  mitochondria  had  lost  respiratory 
control,  the  resulting  RC  value  of  1.0  was  not  included  in  the 
average  shown  in  the  table.  Since  the  RC  values  of  isolated 
mitochondria  often  tend  to  decrease  upon  standing,  the  first 
RC  value  has  also  been  indicated  in  the  table  (i.e.  the  RC 
value  observed  in  the  second  cycle  of  the  first  incubation). 

The  average  time  lapse  between  duplicate  incubations  was  91  min, 
during  which  period,  the  mitochondrial  suspensions  were  kept  at 
0  C.  Essentially  the  same  effects  are  seen  whether  average  or 
initial  RC  values  are  compared.  Some  indication  of  the  stability 
of  the  mitochondria  can  be  obtained  from  comparing  the  average 
and  initial  RC  values  of  a  given  mitochondrial  suspension.  No 
striking  decrease  in  RC  is  seen  for  mitochondria  isolated  from 
the  exposed  animals,  and  this  raises  the  question  of  why  the  P/0 
values  were  in  general  found  to  be  somewhat  lowered.  Possible 
answers  are  that  while  the  initial  P/0  ratios  of  mitochondria 
from  exposed  animals  may  be  near  normal  values,  the  greater 
lability  of  these  mitochondria  in  the  incubation  medium  results 
in  decreased  oxidative  phosphorylative  efficiency  or  induces 
an  elevated  endogenous  ATP-ase  activity  which  then  competes 
with  the  ATP  trapping  system  in  the  medium.  In  such  cases,  the 
toxic  effect  of  oxygen  upon  mitochondria,  as  reflected  in  these 
studies  and  in  the  morphological  changes  observed,  may  arise 
from  some  deleterious  effect  upon  the  stability  of  mitochondrial 
membranes . 

EXPERIMENTS  USING  RATS  AT  257  MM  HG  PRESSURE 

Mitochondrial  changes  similar  to  but  less  severe  than  those 
seen  with  animal  exposures  to  pure  oxygen  at  ambient  pressure 
are  found  with  exposures  to  oxygen  at  258  mm  Hg  pressure.  In 
the  case  of  Sprague  Dawley  rats,  changes  in  renal  and  hepatic 
mitochondrial  morphology  were  apparent  after  3  day  exposure. 
Changes  were  milder  after  14  days  exposure.  Mitochondrial 
changes  were  very  slight  at  90  days,  and  all  change  had  almost 
disappeared  after  235  days  of  exposure  (Klion,  1927;  Mautner, 

1966;  Schaffner,  1965).  Enlargement  of  mitochondria  and  mito¬ 
chondria  of  bizarre  shapes  were  seen  after  3  days  exposure. 

These  changes  in  rats  exposed  14  and  90  days  were  much  milder 
and  by  235  days  had  almost  disappeared.  Kaplan  et  al.  (1968) 
studied  rats  after  235  days  exposure  to  100%  oxygen  at  258  mm  Hg 
pressure  and  found  no  systemic  toxicity.  This  study  included 
P/0  ratios,  Q(0/N)  values,  and  NAD/NADH  ratios  obtained  by 
Riesen  et  al.  P/0  ratios  obtained  on  Sprague  Dawley  rat  liver 
mitochondria  following  exposures  for  3,  4,  5  and  6  days  in  the 
Thomas  dome  at  5  psia  revealed  no  significant  decrease  in  P/0 
ratios  using  a-ketoglutarate  substrate  (Riesen,  1967).  However, 
knowledge  of  the  nature  and  extent  of  oxygen  toxicity  at  nearly 
normal  partial  pressures  is  incomplete,  especially  for  longer- 
term  exposures  (Davies,  1967). 
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Average  values;  initial  RC  values  are  shown  in  parentheses. 


The  present  investigation  involved  exposures  of  1,  4,  7, 
and  14  days  during  which  time  effects  upon  mitochondrial 
morphology  are  most  pronounced.  In  addition,  to  determine  the 
effect  of  return  to  ambient  conditions  after  adaptation  to  one- 
third  atmosphere  oxygen,  two  groups  of  14-day  exposed  rats  were 
returned  to  ambient  atmosphere  and  sacrificed  1  and  48  hr  later. 

Table  XIII  shows  the  ATP  tissue  concentrations  of  livers 
from  rats  after  such  exposures.  There  appears  to  be  an  initial 
elevation  of  tissue  ATP  levels  at  257  mm  Hg  pressure  which  is 
especially  noticeable  at  4  days.  Levels  at  1  and  7  days  also 
show  significant  elevations  when  compared  with  levels  of 
concurrently -run  control  mitochondrial  preparations.  Under 
these  conditions,  mitochondria  apparently  can  initially  utilize 
the  excess  oxygen  or  are  stimulated  by  its  presence  to  produce 
additional  ATP. 

Tables  XIV  and  XV  show  the  average  Q(0/N)  values  in  state  4 
obtained  using  a-ketoglutarate  and  succinate  substrates.  No 
striking  elevations  of  oxidation  rates  are  seen  by  mitochondria 
from  exposed  rats.  However,  in  the  case  of  succinate  substrate, 
averages  in  the  experimental  groups  at  1,  4,  7,  and  14  days 
were  higher  than  the  ambient  controls  for  these  groups,  but 
additional  animals  would  be  required  to  determine  whether  this 
elevation  is  statistically  significant.  Tables  XVI  and  XVII 
show  the  average  Q(0/N)  values  in  state  3  using  a-ketoglutarate 
and  succinate  substrates.  In  the  case  of  succinate  substrate, 
rates  of  the  experimental  groups  at  1,  4,  7,  and  14  days  appeared 
elevated.  For  the  4-day  group,  this  elevation  was  significant 
at  the  107o  level  when  values  for  mitochondria  from  paired 
animals  were  compared.  No  trends  were  apparent  for  the  recovery 
experiments  at  the  two  times  used. 

ADP/O  ratios  are  shown  in  Tables  XVIII  and  XIX.  Differences, 
if  any,  in  the  coupling  of  oxidation  to  phosphorylation  caused 
by  exposure  to  100%  oxygen  at  257  mm  Hg  pressure,  with  or  with¬ 
out  subsequent  recovery  for  1  or  48  hr,  are  minimal.  However, 
it  is  not  known  whether  changes  in  P/0  ratios  would  have  been 
seen  using  the  Warburg  technique.  In  the  experiments  with 
monkeys  exposed  to  100%  oxygen  at  ambient  pressure,  changes  in 
P/0  ratios  obtained  by  the  Warburg  technique  may  be  seen  where 
little  changes  are  obtained  in  ADP/O  ratios  using  the  GME  Oxygraph. 

RC  values  obtained  for  liver  mitochondria  from  rats  after 
various  exposures  to  100%  oxygen  at  257  mm  Hg  pressure  are  shown 
in  Tables  XX  and  XXI.  Reflecting  the  relatively  greater  increase 
in  state  3  oxidation  rate  compared  to  state  4  rate,  the  average 
RC  value  obtained  (using  succinate  substrate)  was  elevated  over 
the  concurrently-run  ambient  controls  for  the  4-day  exposed  group. 
The  difference  was  significant  at  the  1%  level  by  the  t  test. 
Changes  in  the  recovery  groups  were  not  statistically  signifi¬ 
cant,  except  for  RC  values  of  mitochondria  from  rats  exposed  for 
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Table  XV 

Q(0/N)  IN  STATE  4  USING  SUCCINATE  SUBSTRATE  OF  LIV 
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Q(0/N)  IN  STATE  3  USING  SUCCINATE  SUBSTRATE  OF  LIVER  MITOCHONDRIA 
FROM  RATS  AFTER  VARIOUS  EXPOSURES  TO  100%  OXYGEN  AT  257  MM  HG 
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Table  XIX 

ADP/O  RATIOS  OBTAINED  USING  SUCCINATE  SUBSTRATE  OF  LIVER  MITOCHONDRIA 
FROM  RATS  AFTER  VARIOUS  EXPOSURES  TO  100%  OXYGEN  AT  257  MM  HG 
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14  days  followed  by  48  hr  recovery  using  a-ketoglutarate 
substrate.  The  RC  of  this  experimental  group  was  elevated 
(P  <  0.05)  using  five  pairs  of  animals.  Further  experiments 
using  larger  groups  of  animals  after  recovery  at  these  and 
other  time  intervals  would  be  required  to  determine  what  changes 
occur  during  return  to  ambient  conditions. 
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APPENDIX 


STATISTICAL  ANALYSIS  OF  DATA  OBTAINED  IN  EXPERIMENTS 
USING  MONKEYS  AT  748  MM  HG  PRESSURE 

To  facilitate  evaluation  of  results  which  were  obtained  in 
the  investigation  involving  limited  numbers  of  monkeys,  a  re¬ 
gression  analysis  of  data  was  carried  out  by  Dr.  T.  Peyser  and 
Mr.  A.  Endres  at  IIT  Research  Institute  using  a  BMD  02R  computer 
routine.  The  objective  of  the  analysis  was  to  ascertain  if 
duration  of  exposure  to  100%  oxygen  at  748  mm  Hg  pressure  had 
an  effect  on  each  of  the  sets  of  experimental  measurements  pre¬ 
viously  described  in  the  text,  and,  if  so,  to  obtain  the  line  of 
best  fit  as  a  function  of  exposure  time. 

Multiple  measurements  on  one  mitochondrial  preparation 
which  were  obtained  using  the  Clark  oxygen  electrode  (measure¬ 
ments  were  carried  out  on  two  cycles  of  duplicate  incubations) 
were  combined  in  the  following  manner  for  the  regression  analysis 
an  overall  average  was  taken  of  the  average  values  obtained 
during  the  second  and  third  cycles  of  the  first  incubation  and 
the  average  values  obtained  during  the  second  and  third  cycles 
of  the  second  incubation.  For  those  cases  in  which  both  cycles 
were  not  obtained,  the  measurements  obtained  in  the  second  cycle 
were  considered  equivalent  to  the  average  that  would  have  been 
obtained  with  two  cycles. 

2  3 

Regression  equations  of  the  form  y  =  c  +  bix  +  b2x  +  b3X 
were  obtained  for  the  range  of  x  values  from  0  to  12  days 
(see  Table  XXII).  The  significance  of  the  regression  co¬ 
efficients  was  tested  by  application  of  the  F  test.  Only  those 
terms  in  which  the  F  values  of  the  coefficients  exceeded  3.0 
were  considered  significant  in  their  contribution  to  the  re¬ 
gression  analysis  and  included  in  this  table  (see  Table  XXIII). 
The  constant  terms  (c)  represent  the  values  for  the  sets  of 
experimental  measurements  (dependent  variables,  y)  at  x  =  0, 
i.e.,  when  ambient  control  animals  were  used.  The  regression 
equations  for  those  sets  of  measurements  for  which  significant 
coefficients  were  obtained  can  be  written  from  the  values  of 
c,  b]_,  b2  and  b3  listed  in  Table  XXII.  These  equations  can  be 
used,  within  the  time  interval  investigated,  for  estimation  of 
the  expected  values  for  exposure  times  at  which  experiments  were 
not  performed.  The  form  of  these  equations  cannot  be  considered 
to  be  that  of  the  actual  mathematical  functions  which  may  relate 
duration  of  oxygen  exposure  to  the  values  of  the  dependent 
variables . 

The  standard  errors  of  the  regression  coefficients  (b]_,  bo 
and  b3)  are  shown  in  Table  XXIV,  and  these  values  can  be  used  by 
means  of  a  t-table  to  set  confidence  limits  on  the  regression 
coefficients  at  a  specified  probability  level. 
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REGRESSION  EQUATIONS:  y  -  c  +  blx  +  b2x  +  b3x  ,  FOR  THOSE  PARAMETERS 
(DISCUSSED  IN  THE  REPORT  TEXT)  FOR  WHICH  F  VALUES  OF  THE 
REGRESSION  COEFFICIENTS  EXCEEDED  3.0 
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F  VALUES  OF  REGRESSION  COEFFICIENTS 
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For  the  quadratic  regression  equation  (see  Table  XXII),  the  F  values  for 
the  coefficients  b,  and  b«  are  3.88  and  2.06,  respectively. 


STANDARD  ERROR  OF  REGRESSION  COEFFICIENTS 
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Indices  of  the  prediction  accuracy  of  the  regression  equa¬ 
tions,  the  Multiple  Correlation  Coefficients,  are  listed  in 
Table  XXV.  The  square  of  the  Multiple  Correlation  Coefficient 
is  the  proportion  of  the  variability  of  the  dependent  variable 
that  is  accounted  for  by  the  independent  variable  in  the  equation. 

Table  XXV  also  contains  the  F  values  for  the  overall  signi¬ 
ficance  of  regression  of  the  indicated  dependent  variable  (i.e., 
the  various  sets  of  measurements  described  in  the  report  text) 
on  the  independent  variable,  exposure  time.  The  numbers  in 
parentheses  associated  with  the  F  values  represent  the  degrees 
of  freedom  associated  with  the  regression  and  residual  variations. 
(The  first  number  in  the  parentheses  corresponds  to  the  number 
of  regression  coefficients  in  the  equation  (N),  and  the  second 
number  represents  the  degree  of  freedom  available  for  estimating 
residual  variation.  This  latter  number  is  equal  to  the  number 
of  reported  experiments  (E)  minus  the  number  of  regression  co¬ 
efficients  plus  1,  i.e.,  E  -  (N  +  1)). 

The  indicated  significance  levels,  P,  may  be  interpreted  as 
an  estimate  of  the  probability  of  obtaining  as  large  or  larger 
an  F  statistic  if  the  regressions  were  insignificant.  Hence, 
in  the  sets  of  data  obtained,  those  dependent  variables  with 
low  P  values  appear  to  significantly  change  (not  necessarily 
causually)  with  duration  of  exposure.  The  dependent  variables 
with  low  P  values  are  likely  to  be  the  parameters,  of  those 
investigated,  which  would  most  readily  prove  to  be  significantly 
affected  by  exposure  to  100%  oxygen  at  748  mnr  Hg  pressure. 
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MULTIPLE  CORRELATION  COEFFICIENTS,  F  VALUES  AND  ASSOCIATED  SIGNIFICANCE 

LEVELS  FOR  REGRESSION  EQUATIONS 
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